Aircraft currently use several rugged liquid-crystal displays in the cockpit to visualize flight data. As these displays get larger and the number of separate screens is reduced, the cockpit workspace becomes better integrated. Taking rationalization of air-navigation equipment to the next level implies a highly integrated single interactive display to assist in all tasks in the cockpit, including navigation, flight-preparation documentation, display of airport maps, non-flight-related functions, and external camera views. This type of display would consist of a reconfigurable dashboard, designed to show important visual elements in prominent view, according to need. Adding a touchscreen command on the whole surface of the display would provide a complete, self-contained means of controlling the cockpit (see Figure 1 ). Ultimately, this solution would substantially improve the human-machine interface. 1 Making a single large display with a curved surface spreading across an odd shape is a key technological challenge. Until now, other niche applications, such as simulation and control environments, scientific visualization, and gaming/virtual reality, have adopted solutions based on tiling individual liquid-crystal panels or emissive displays (including field-emission displays, plasma panel displays, and organic LEDs). This approach, however, does not lead to a truly seamless screen. To devise a solution to this challenge, further constraints specific to the aircraft industry and related to the level of reliability and safety requirements need to be taken into account. In addition, new developments must match existing solutions in terms of space constraints. Here we report our work on projection-imaging technology to simultaneously tackle all the issues related to form, seams, and space constraints.
Aircraft currently use several rugged liquid-crystal displays in the cockpit to visualize flight data. As these displays get larger and the number of separate screens is reduced, the cockpit workspace becomes better integrated. Taking rationalization of air-navigation equipment to the next level implies a highly integrated single interactive display to assist in all tasks in the cockpit, including navigation, flight-preparation documentation, display of airport maps, non-flight-related functions, and external camera views. This type of display would consist of a reconfigurable dashboard, designed to show important visual elements in prominent view, according to need. Adding a touchscreen command on the whole surface of the display would provide a complete, self-contained means of controlling the cockpit (see Figure 1) . Ultimately, this solution would substantially improve the human-machine interface. 1 Making a single large display with a curved surface spreading across an odd shape is a key technological challenge. Until now, other niche applications, such as simulation and control environments, scientific visualization, and gaming/virtual reality, have adopted solutions based on tiling individual liquid-crystal panels or emissive displays (including field-emission displays, plasma panel displays, and organic LEDs). This approach, however, does not lead to a truly seamless screen. To devise a solution to this challenge, further constraints specific to the aircraft industry and related to the level of reliability and safety requirements need to be taken into account. In addition, new developments must match existing solutions in terms of space constraints. Here we report our work on projection-imaging technology to simultaneously tackle all the issues related to form, seams, and space constraints.
The main appeal of projection-imaging technology devices is their ability to modulate light by relying on either switchable digital micromirror devices (DMDs) or liquid-crystal-on-silicon (LCOS) panels. We chose the latter because of their ruggedness during flight, their large range of resolution, and their availability from multiple manufacturers. Guided by the need to eliminate the risk of any color artifacts and to ensure the highest reliability, we opted for a three-channel color system.
Conventional projection systems typically use arc lamps as a light source. However, they are ill suited to the avionic environment owing to risk of explosion and fire, and they are not considered reliable. We therefore opted for a custom-designed illumination system that employs high-luminance LEDs. Although they are ubiquitous in many illumination applications, they are not an obvious choice for the aircraft industry because of the high demands on brightness imposed by the stringent need for screen legibility in direct sunlight. We were able to meet this requirement by using state-of-the-art projection LEDs combined with a carefully designed light-management system. Moreover,
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Figure 2. Design of the short-throw ultra-wide-angle projector.
LEDs presented the added benefit of being highly reliable over a long period of time-subject to tight control of the LED's junction temperature with an adequate cooling system-thus meeting aircraft constraints. The LEDs are selected to emphasize luminance over electrical efficiency and matched with collectionoptics parts designed to minimize further losses in the luminous flux. The lens system and projection screen design are equally matched to each other to ensure preservation of the luminance. The screen itself maximizes the light output in the specified viewing cone of the crew members.
One of the biggest challenges of this project was to fit projectors in the cockpit without taking up more space than the current LCD display units. This meant that only 25cm was available to fit the entire optical assembly, with an even shorter throw distance. To avoid compromising image quality, we designed a dedicated short-throw ultra-wide-angle projection lens to accommodate this short-range projection while keeping a small footprint 2 (see Figure 2) .
We then addressed the need to maintain a high contrast ratio even at high levels of ambient light by using a black-matrix screen. Its performance was subject to the provision of a wellcollimated incident beam that was guaranteed by adding a film with a Fresnel lens to the screen stack to enhance brightness uniformity.
Given that it is not possible to use a single projector to cover the cockpit's entire curvature and special T-shape form, we split up the overall display area in several sub-projection areas, each with their own projector unit. This required that the Fresnel lenses be linear, so that the individual projection images could be tiled through blending techniques to form one large seamless display (see Figure 3) .
At the time of writing, the prototype of a single seamless cockpit display intended to demonstrate the capabilities of projection technology was nearing completion. Touch screen input was to be provided by a proprietary optical design that does not alter the readability of the display. The next step will involve evaluating the system both from a technical and a human-factor viewpoint. 
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